Mammalian cDNA expression cloning was used to identify novel regulators of integrinmediated cell-substratum adhesions. Using a focal adhesion morphology screen, a cDNA with homology to the adaptor protein RACK1 (receptor for activated protein kinase C), was identified that induced a loss of central focal adhesions and stress fibers in CHO-K1 cells. The identified cDNA was a C-terminal truncated form of RACK1 that had one of the putative PKC binding sites but lacked the region proposed to bind the β integrin cytoplasmic domain (Liliental and Chang, 1998) and the tyrosine kinase, Src (Chang et al., 2001) . To investigate the role of RACK1 during cell spreading and migration, we expressed GFP fusion proteins of RACK1, a C-terminal truncated RACK1 and a point mutant that does not bind Src (RACK Y246F, Chang et al., 2001) in CHO-K1 cells. We found that RACK1 regulates the organization of focal adhesions and that it localizes to a subset of nascent focal complexes in areas of protrusion that contain paxillin but not vinculin. We also found that RACK1 regulates cell protrusion and chemotactic migration through its Src binding site. Together, these findings suggest that RACK1 regulates adhesion, protrusion and chemotactic migration through its interaction with Src.
INTRODUCTION
Cell migration involves dynamic regulation of cell-substratum adhesions. During migration, cells form adhesions to the extracellular matrix largely through the integrin family of adhesion receptors (Hynes, 1992) . The mechanisms that govern adhesion formation, release and their coordination during cell migration remain largely unknown (Huttenlocher et al., 1995; Lauffenburger and Horwitz, 1996; Cox and Huttenlocher, 1998) . Focal adhesions are large protein complexes that form upon integrin ligation and adhesion to the extracellular matrix. Direct correlations between focal adhesion organization and the ability of cells to migrate have been made (Huttenlocher et al., 1996) . Several studies have demonstrated that an absence of central adhesions is associated with inhibited cell migration. Inhibition of FAK (Sieg et al., 1999) , Src kinases (Klinghoffer et al., 1999) or the calcium-dependent protease calpain (Huttenlocher et al., 1997) induce the loss of central focal adhesions and reduce cell migration rates. Accordingly, we used a focal adhesion morphology screen and cDNA expression cloning to identify novel proteins that regulate integrin-mediated adhesions and cell migration. Using this approach we identified a cDNA with homology to the protein kinase C binding protein, RACK1. Subsequent characterization of RACK1 has demonstrated that it is an important regulator of focal adhesion organization and cell migration. In this paper we examine how RACK1 and its interaction with Src modulates focal adhesions and cell migration.
RACK1 is a cytosolic, WD-40 repeat protein that belongs to a superfamily of proteins that includes the β subunit of G proteins (Ron et al., 1994) . RACK1 was originally 4 identified based on its ability to bind to the activated form of PKC (Ron et al., 1994) .
RACK1 stabilizes the active form of PKC and permits its translocation to different sites within the cell (Mochly-Rosen and Gordon, 1998) . Interestingly, RACK1 can also bind and inhibit Src family kinases . Direct binding of Src to RACK1 has previously been demonstrated to require tyrosine 246 of RACK1 in CHO-K1 cells (Chang et al., 2001) . Src family kinases have been shown to play a key role in regulating adhesion formation, adhesion release and cell migration. RACK1 through its interaction with PKC and Src kinases, may function as a critical adaptor protein mediating cross talk between serine/threonine and tyrosine kinase signaling pathways. RACK1 has many other binding partners including β 1 , β 2 , β 3 and β 5 integrins (Liliental and Chang, 1998; Buensuceso et al., 2001) , the common β chain of the IL-5/IL-3/GM-CSF receptor (Geijsen et al, 1999) , PLC-γ, RasGAP (Chang et al., 2001) , β-spectrin, dynamin (Rodriguez et al., 1999) , the protein tyrosine phosphatase, PTPµ (Mourton et al., 2001) and a phosphodiesterase isoform (Yarwood et al., 1999) . This suggests that RACK1 may act as a scaffolding protein, recruiting proteins to various transmembrane receptors and providing a platform for protein-protein interactions. Much remains unknown concerning the functional role of RACK1, however, in vivo studies have indicated that RACK1 is up-regulated in human carcinomas and during tissue regeneration following ischemic renal injury (Padanilam and Hammerman, 1997; Berns et al., 2000) .
Furthermore, recent studies have demonstrated that over-expression of RACK1 in CHO-K1 cells inhibits haptotactic cell migration and increases focal adhesion number (Buensuceso et al., 2001) , although the mechanism(s) involved have not been defined.
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The purpose of this study was to characterize how RACK1 regulates integrin-mediated adhesion and cell migration, and to determine if the Src-binding site is involved. Our findings suggest that RACK1 regulates the organization of focal adhesions through its interaction with Src, and that it localizes to a subset of nascent focal complexes in areas of protrusion that contain paxillin and α-actinin but not vinculin. Further, we found that the RACK1, via its Src binding site, regulates cell protrusion and chemotactic migration, but not random or haptotactic migration. These findings suggest that RACK1, through its interaction with Src, regulates focal adhesion organization, protrusion and chemotactic cell migration.
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MATERIALS AND METHODS
Vectors.
pcDNA3.1 and pcDNA3.1hygro-lacZ were purchased from Invitrogen (Carlsbad, CA).
pEGFP-N1 and pDsRed1-N1 were purchased from Clontech (Palo Alto, CA). pPCRScript AMP SK (+) was purchased from Stratagene (La Jolla, CA). pcDNA3.1 RACK 1-203 was created by digesting pcDNA3.1 RACK1 (Buensuceso et al., 2001) with Not I and Bam HI and sub-cloning the resulting truncated RACK1 cDNA into pcDNA3.1 myc his A (Invitrogen). pEGFP-N1-zyxin was obtained from Irina Kaverina (Australian Academy of Sciences) and was cloned into pDsRed1-N1 (Bhatt et al., in press ), pEGFP-N1-α-actinin was obtained from Carol Otey (University of North Carolina, Chapel Hill, NC). RACK1 and RACK 1-203 GFP-fusion constructs were constructed in the pEGFP-N1 and pDsRed1-N1 vectors as follows: PCR was used to amplify RACK1 and RACK 1-203 from the pcDNA3.1 vectors. The primers were designed to introduce a Hind III site at the 5' end and a Kpn I site at the 3' end of the PCR products and two extra nucleotides were added to permit the insert to be cloned in frame with GFP or RFP. The PCR amplified inserts were blunt-end ligated into pPCR-Script AMP vector, removed by digestion with HindIII and KpnI and ligated into pEGFP-N1 or pRsRed1. The pEGFP-N1-RACK Y246F vector was constructed by introducing a point mutation into the pEGFP-N1-RACK1 vector using the Transformer site directed mutagenesis kit according to the manufacturers' instructions (Clontech, Palo Alto, CA).
Antibodies and reagents.
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Fibronectin was purified from human plasma by affinity chromatography as previously described (Ruoslahti et al., 1982) . Monoclonal anti-vinculin and monoclonal anti-Src antibodies were purchased from Sigma Chemical Co. (St. Louis, MO). Rhodaminelabelled phalloidin and rabbit anti GFP antibody were obtained from Molecular Probes (Eugene, OR). Monoclonal anti-RACK1 antibody and monoclonal anti-paxillin antibody were purchased from Transduction Laboratories (San Diego, CA). Rabbit whole molecule IgG was purchased from Zymed (San Francisco, CA). Mouse whole molecule IgG, sheep anti-mouse antibody conjugated to fluorescein and goat anti-mouse antibody conjugated to rhodamine red were obtained from Jackson ImmunoResearch (West Grove, PA).
Cell culture and transfection.
CHO-K1 cells (Chinese hamster ovary fibroblast-like cells) were obtained from the American Type Culture Collection (Rockville, MD). CHO α iib β 3 and CHO β 3 724 cells were obtained from Mark Ginsberg (The Scripps Research Institute, La Jolla, CA). Cells were cultured in complete growth media as described previously (Cox et al., 2001 ).
CHO-K1 cells were transiently transfected using Lipofectamine (Gibco BRL, Gaithersburg, MD) as described previously (Cox et al., 2001) . Cells were used in experiments 24-60 hours post-transfection. To plate CHO-K1 cells for experiments, cells were removed with .02% EDTA in PBS and then washed twice with the serum-free media (CCM1, Hyclone Laboratories, Logan, UT). The cells were plated in CCM1 onto non-tissue culture plastic plates or glass cover slips that had been coated with fibronectin (1 hour, 37 o C) and blocked with 2% BSA (30 minutes, 37 o C). Cells were seeded onto 35 8 mm plates at 1.5 x 10 5 per plate for time lapse videomicroscopy experiments. Cells were seeded onto 12 mm glass cover slips at 2 x 10 4 for immunofluorescent cell staining experiments. Cells were seeded onto 10 cm plates at 2 x 10 6 for co-immunoprecipitations and kinase assays.
Expression cloning.
CHO-K1 cells were plated in tissue culture treated 12 well plates at 4 x 10 4 cells per well.
Twenty-four hours after plating, cells were transfected either with a pcDNA3.1hygro-lacZ control plasmid (Invitrogen) or with plasmids purified from the HeLa cDNA library (constructed using pcDNA3.1, Invitrogen). Plasmids were purified from the cDNA library using a 96 well plasmid mini-preparation. CHO cells were transiently transfected using 1 µg of DNA (estimated) and 4 µL of Lipofectamine (Gibco BRL, Gaithersburg, MD) according to the Manufacturers' instructions with the following exception: after adding the DNA-lipid complexes to the cells, .75 mL of complete growth media was added and cells were incubated for 12 hours before splitting 1:3 into a new 12 well plate.
Twenty-four hours later, cells were split 1:10 and seeded in complete growth media onto silanated cover slips coated with 10 µg/mL fibronectin. Glass cover slips were acid washed, silanated, conjugated to fibronectin, and blocked with 2% BSA using previously described methods (Crowley and Horwitz, 1995) . One hour after plating, cells were washed with PBS and 400µL of CCM1 was added to each well. Twelve hours after plating, cells were fixed, permeabilized and stained for vinculin and actin as described previously (Huttenlocher et al., 1996) .
well DNA mini-preparation.
Individual plasmids were prepared from a HeLa cDNA library (Invitrogen, Carlsbad, CA) through 96 well plasmid mini-preparation using Millipore MultiScreen-FB plates according to the Manufacturers' instructions (Millipore Technical Note TN004). The DNA preps were performed according to the protocol with the following exceptions: (1) 10 µL chloroform was added after DNA precipitation with Solution III; (2) the FB plate was washed with 80% ethanol supplemented with 20 mM Tris-HCl (pH 7.0), 50 mM NaCl, and 1 mM EDTA (pH 8.0); and (3) an extra wash step was included for the FB plate. The DNA concentration was approximated through averaging the value obtained for 7 randomly selected samples from the preparation.
Immunofluorescence.
Cells were prepared for use in immunofluorescent cell staining experiments as described above. Glass cover slips were acid washed, silanated, conjugated to fibronectin, and blocked with 2% BSA using previously described methods (Crowley and Horwitz, 1995) .
Cover slips were coated with poly-L-lysine as follows: cover slips were etched for 2 hours with 2 N NaOH, washed 3 times with PBS, dipped into a poly-L-lysine solution (.001% poly-L-lysine (Sigma), .01 mg/mL Collagen (Sigma) in 27% ethanol), uv irradiated for 45 minutes, and washed one time with PBS. Cells were plated as described above. After a 4 hour incubation at 37 o C, 10% CO 2 , cells were fixed and stained for vinculin or paxillin as described previously (Huttenlocher et al, 1996) . Cover slips were observed using a Nikon (Kanayawa, Japan) inverted fluorescent microscope. Images for co-localization studies were obtained using a Hammamatsu cooled CCD camera Figure   4A , a and c) was determined.
Cell spreading assay.
CHO-K1 cells were transiently transfected and prepared for cell spreading experiments as described above. Twenty-four to forty-eight hours after transfection 1 X 10 4 cells were plated on cover slips coated with 10 µg/mL fibronectin. Cells were fixed at 10 minute intervals and prepared as described above. Cell areas were determined of GFP-positive cells stained with rhodamine-labeled phalloidin using MetaMorph software from Universal Imaging Corporation (Downing Town, PA). Cell areas were determined for a total of 20-30 GFP positive cells from 2 separate experiments.
Transwell assays.
Transwell assays (modified Boyden chamber assays) were performed using 6.5 mm polycarbonate Transwell filter inserts with 8 µm sized pores (CoStar Corp., Cambridge MA). For random and chemotactic migration assays, both sides of the filters were coated with 10 µg/mL fibronectin. For haptotactic migration assays, only the bottom side of the filter was coated with 10 µg/mL fibronectin. Transwell filters were incubated with fibronectin for 1 hour at 37 o C, washed with PBS, and blocked with 2% BSA in PBS for 30 minutes at 37 o C. Filters used for chemotactic assays were dried completely before use. Forty-eight hours prior to the assays, cell were co-transfected with a 1 : 4 ratio of pcDNA3.1-hygro-lacZ to pEGFP-N1, pcDNA3.1 cDNA#25, pEGFP-N1-RACK 1-203, pEGFP-N1-RACK1 or pEGFP-RACK Y246F. Two plates of each were made: one for use in the Transwell assay and one to score transfection efficiency. Cells were prepared for random and haptotactic Transwell assays as described above. 1 x 10 5 cells in 100 µL CCM1 were seeded onto the top of the Transwell filters (with CCM1 in the bottom chamber). For chemotactic assays, CCM1 was added to the bottom chamber of the Transwell and serum starved CHO-K1 cells were added to the top in Dulbecco's Modified Eagle's Medium supplemented with 2 mM glutamine, 1 mM sodium pyruvate, 1% nonessential amino acids, 100 U/mL penicillin, 100 µg/mL streptomycin and .2%
BSA (Sigma Chemical). Cells were serum-starved as described previously (Cox et al., 2001 ). For all Transwell assays, cells were incubated for 3 hours at 37 o C, 10% CO 2 and then fixed for five minutes with a solution of 2% formaldehyde, .05% gluteraldehyde in PBS. The Transwells were washed once with PBS and then incubated in β-galactosidase staining solution (5mM potassium ferrocyanide, 5 mM potassium ferricyanide, 2 mM MgCl 2 , 1 mg/mL x-gal in PBS) overnight. The next day, the number of blue cells per 10x
field was scored for 6 fields per Transwell filter. The average number of cells migrating per field was normalized to the transfection efficiency (as determined by β -galactosidase staining of the second plate). At least three experiments were performed for each condition.
Time-lapse videomicroscopy and transient protrusion analysis.
CHO-K1 cells were plated as described above onto non-tissue culture treated 35 mm dishes coated with 3 µg/mL fibronectin, and incubated for one hour at 37 o C in 10% CO 2 .
The cells were placed onto a heated microscope stage with 10% CO 2 . A constant pH of 7.0-7.4 and temperature of 37 o C was maintained during taping. Cells were allowed to 12 equilibrate on the microscope stage for one hour before images were captured for transient protrusion analysis. Positively transfected cells were identified through fluorescence, and transient protrusion analysis was performed using NIH Image software as described previously (Cox et al., 2001 ).
Immunoprecipitations and Src kinase assays.
For immunoprecipitations, CHO-K1 cells were plated at 24 hours post-transfection (as described above) onto non-tissue culture treated 10 cm dishes coated with 5 µg/mL fibronectin. Cells were incubated for five hours at 37 o C in 10% CO 2 , washed one time with Hank's buffered saline solution and lysed with ice cold Ripa buffer (10% glycerol, 1% Triton X-100, 0,5% NP-40, 1% deoxycholate, 20 mM Tris-Cl pH 7.4, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA, 40 mM NaF, 30mM NaPPi) supplemented with 1µg/ml pepstatin A, 10 µg/ml leupeptin, 20 µg/ml aprotinin and 200 nM phenylmethanesulfonyl fluoride. Lysates were cleared of insoluble material by centrifugation at 180 kG for 40 minutes at 4 o C. For the GFP coimmunoprecipitations, 400 µg of lysate was used; for kinase assays 600 µg of lysate was used. Next, 0.05% SDS, 10 µl of protein GSepharose (Amersham Pharmacia, Piscataway, NJ) and either 1 µl of rabbit anti-GFP antisera, 2 µg mouse anti-Src, 10 µg Rabbit IgG or 10 µg Mouse IgG were added to the cleared lysates. After a 12 hour incubation at 4 o C with tilting, samples were washed 3 times with Ripa buffer supplemented with 0.05% SDS and then extracted with Laemmli SDS sample buffer. Extracts were either used in a kinase assay or resolved in 5-18% gradient SDS PAGE gels, transferred to 0.2 µm nitrocellulose and blotted for GFP, vinculin, paxillin or Src. Staining was detected using enhanced chemiluminescence.
RESULTS
Identification of cDNA#25, a C-terminal truncated RACK1 (receptor for activated
protein kinase C), using expression cloning.
To identify novel proteins that regulate focal adhesions and cell migration, a mammalian cDNA expression cloning scheme was used. Putative proteins involved in regulating integrin-mediated cell-substratum adhesions were identified using a single cDNA screening method and an adhesion morphology screen as described in Materials and
Methods. A HeLa cell line cDNA library was used as a source of cDNAs and individual
plasmids from the cDNA library (each encoding a single cDNA) were prepared and transiently transfected into CHO-K1 cells. Thirty-six hours post-transfection, cells were plated onto fibronectin coated cover slips and were fixed and stained for vinculin and actin. In the initial feasibility screen 125 cDNAs were analyzed. We were interested in identifying cDNAs that induced a loss of central focal adhesions because this phenotype is induced by the inhibition or depletion of several proteins that regulate cell migration, including Src kinases (Klinghoffer et al., 1999) , focal adhesion kinase (Sieg et al., 1999) , and the calcium dependent protease, calpain (Huttenlocher et al., 1997) .
Two of the 125 cDNAs screened reproducibly induced the loss of central adhesive complexes and stress fibers. One of the cDNAs encoded a transcript with 99% sequence homology to the human lysosomal hyaluronidase, and will be the focus of future investigation. The other cDNA, cDNA#25 (Figure 1 ), had 100% homology to the coding sequence for amino acids 30-143 of RACK1 ( Figure 2A ). The predicted protein product of cDNA#25 is a truncated form of RACK1 that contains one of the putative PKC 15 binding sites but lacks the C-terminal sequences reported to bind integrin β cytoplasmic tails and Src (Liliental and Chang, 1998; Chang et al., 2001) . The homology of the open reading frame of cDNA#25 with RACK1 is interrupted by an intervening sequence that has homology to repetitive human Alu sequences and introduces a stop codon into the reading frame (Figure 2A ). We hypothesize that this truncated form of RACK1 may act as a dominant negative through binding to active PKC but failing to interact with other binding partners, including the integrin cytoplasmic domain and Src.
A previous study reported a role for RACK1 during cell migration (Buensuceso et al., 2001 ). To determine if cDNA#25 also modulates cell motility random Transwell migration assays were performed. We found that transient expression of cDNA#25, a C- 
RACK1 regulates focal adhesion organization through its Src binding site.
To characterize the role of RACK1 and the RACK1-Src interaction on the regulation of focal adhesion organization, we generated GFP fusion proteins to full length RACK1, truncated RACK1 (RACK 1-203) and a point mutant that cannot bind to Src (RACK Y246F) (Chang et al., 2001 ) ( Figure 2B ). The GFP-fusion constructs were transiently 
RACK1 localizes to peripheral adhesion complexes that contain paxillin.
To provide insight into RACK1 function, the subcellular localization of RACK1 was examined using immunofluorescent cell staining and GFP-fusion proteins. On concentrations of fibronectin that support the formation of both central and peripheral adhesive complexes (i.e. 20 µg/mL), we generally found that RACK1 displayed a diffuse cytoplasmic distribution with some localization to peripheral adhesive contact sites. In contrast, CHO-K1 cells plated on lower concentrations of fibronectin (5 µg/mL), that do not support the formation of central adhesive contact sites, showed more prominent localization of RACK1 in peripheral adhesion-like complexes ( Figure 6 ). Staining was particularly evident in areas of membrane protrusion and at the periphery of spreading cells. We also examined the localization of the RACK1-GFP constructs in CHO-K1 cells adherent to fibronectin. The full length RACK1-GFP co-localized with endogenous RACK1 in the peripheral adhesion-like complexes ( Figure 6B ). To determine if RACK1 localization was integrin-dependent, RACK1-GFP localization was studied in cells plated on poly-L-lysine. In contrast to cells plated on fibronectin, RACK1-GFP was distributed diffusely and did not localize to peripheral complexes in cells plated on poly-L-lysine ( Figure 6D ), suggesting that RACK1 localization to adhesive complexes may be integrindependent. Furthermore, RACK 1-203-GFP, which lacks the region proposed to bind to β integrin cytoplasmic domains, did not localize to adhesion sites ( Figure 6E ). In addition, we found that localization of RACK1 to adhesive complex sites was dependent on the β 3 integrin cytoplasmic domain. We found that RACK1 localized normally to complexes at the cell periphery in cells that expressed wild type α IIb β 3 integrin plated on fibrinogen, but not in cells that expressed a truncated β 3 integrin (β 3 724) that fails to localize to focal adhesions (data not shown) (Huttenlocher et al., 1996) . Together, these findings suggest that RACK1 localization to adhesion-like structures is an integrindependent process. Interestingly, the RACK Y246F-GFP fusion protein exhibited a similar distribution as the wild-type RACK1-GFP ( Figure 6F ). These findings demonstrate that the C-terminus of RACK1 (containing the integrin and Src binding domains) was necessary for localization to adhesion-like sites but the Src binding site was not required.
To characterize the peripheral complexes that contain RACK1, we determined if RACK1 co-localized with specific focal adhesion components in these peripheral complexes.
Recent studies have shown that adhesive complex sites can differ in composition, with some complexes containing only distinct components (Zamir et al., 1999; Zamir et al., 2000) . Interestingly, we found that RACK1 co-localized in the peripheral complex sites with only specific focal adhesion proteins. RACK1 localized to a subset of adhesions that contained paxillin or α-actinin, but did not co-localize with adhesions containing vinculin or zyxin ( Figure 7A ). Furthermore, full-length RACK1 was found to coimmunoprecipitate with paxillin but not with vinculin ( Figure 7B ). The co-localization of RACK1 with paxillin was not dependent on the Src binding site, since RACK Y246F
was also found to co-localize with paxillin in a subset of nascent peripheral adhesive 20 complex sites (data not shown). In addition, RACK 1-203 was found to coimmunoprecipitate with paxillin, suggesting that the C-terminal region of RACK1 was not required for paxillin binding ( Figure 7B ). Together the data indicate that RACK1
localizes to a subset of peripheral adhesions that contain paxillin and α-actinin. These findings suggest that RACK1 may have a role in regulating nascent adhesions that form in areas of protrusion.
RACK1 regulates protrusive activity via its Src binding site.
The localization of RACK1 to protrusion sites and its effects on cell spreading suggest that RACK1 may be involved in regulating protrusive activity. We therefore studied the effects of transient expression of control vector, RACK1, RACK 1-203 and RACK Y246F on transient protrusive activity. We analyzed protrusive activity using time lapse videomicroscopy and transient protrusion analysis as described previously (Cox et al., 2001 ). This analysis quantifies changes in grey levels on the cell surface and can detect to control cells ( Figure 8B ). Together, the data suggest that RACK1, through its interaction with Src, may regulate protrusive activity.
Since RACK1 has previously been shown to decrease Src kinase activity , these results suggest that RACK1 may suppress protrusion by inhibiting Src.
Accordingly, expression of RACK Y246F may enhance protrusive activity by increasing Src activity. To determine if expression of RACK Y246F affects Src activity, kinase activity assays were performed. We found that transient expression of RACK Y246F
enhanced Src activity in comparison to cells that expressed control vector or wild-type RACK1 ( Figure 9 ). We consistently observed a small decrease in Src activity in cells that expressed RACK1 compared to control vector, however, the baseline Src activity was low in CHO-K1 cells under the conditions of the assay. These results suggest that RACK1 may suppress protrusive activity through inhibiting Src kinase activity.
RACK1 regulates chemotactic cell migration via its Src binding site.
The localization of RACK1 to nascent adhesions in areas of protrusion and the effects of RACK Y246F expression on membrane protrusion, suggest that RACK1 may modulate directional migration via its Src binding site. To test this possibility, the random, haptotactic and chemotactic migration of CHO-K1 cells was examined using Transwell migration assays. We found that expression of RACK Y246F, unlike wild type RACK1, did not affect random cell migration ( Figure 10A ). Transient expression of RACK Y246F also did not significantly inhibit haptotactic migration toward fibronectin;
however, similar to previously published results (Buensuceso et al, 2001 ) expression of wild type RACK1 did inhibit haptotactic migration ( Figure 10B ). Interestingly, transient 22 expression of RACK Y246F significantly inhibited the directional migration of serumstarved CHO-K1 cells to growth factor-containing media ( Figure 10C ), supporting an important role for the Src-binding site of RACK1 in regulating chemotactic migration.
Together the data indicate that RACK1 regulates random, haptotactic and chemotactic cell migration, and that the Src binding site is necessary for optimal chemotactic cell migration. Our findings demonstrate the utility of using mammalian cDNA expression cloning and a functional screen to identify novel proteins that regulate focal adhesion organization and cell migration. Despite recent progress, we still have a limited understanding of the key players that regulate the organization of adhesive complex sites and cell migration.
DISCUSSION
Mammalian cDNA expression cloning has been used successfully by others to identify a novel regulator of adhesion to collagen (Pullman and Bodmer, 1992) and signaling molecules that regulate integrin affinity (Fenczik et al., 1997; Hughes et al., 1997; Ramos et al., 1998) . We now provide evidence that a single cDNA expression cloning approach can be used with a functional screen to identify novel cDNAs that regulate the organization of focal adhesions and cell migration. In an initial feasibility screen of 125 cDNAs using a low throughput approach, we identified 2 cDNAs that reproducibly induced a loss of central adhesion complexes, a phenotype that has been associated with 24 inhibited cell migration (Horwitz and Parsons, 1999) . This suggests that a large percentage of expressed genes may regulate focal adhesion composition and organization. One of the identified cDNAs (#25) was found to encode a C-terminal truncated form of the PKC and Src-binding protein, RACK1 (Figure 1, 2) . Our characterization of RACK1 has demonstrated that it is an important regulator of integrinmediated adhesion, protrusion and cell migration. Together, the results demonstrate the feasibility of using mammalian cDNA expression cloning to identify novel regulators of focal adhesion organization and cell migration.
Recent evidence indicates that RACK1 functions as a scaffolding protein that binds to many intracellular proteins including PKC (Ron et al., 1994) , Src , β integrin cytoplasmic tails (Liliental and Chang, 1998; Buensuceso et al., 2001 ), RasGAP and PLC-γ (Chang et al., 2001) . RACK1 is therefore poised to serve as a critical intermediate during integrin-mediated signaling events. In support of this, our findings demonstrate that RACK1 localizes to peripheral adhesive complex sites that contain specific focal complex components, including paxillin and α-actinin ( Figure 7A ) and that this localization is integrin-dependent ( Figure 6 ). Furthermore, we find that RACK1 is an important regulator of focal adhesion organization (Figure 4) . In contrast to the full length RACK1, expression of a truncated form of RACK1 that lacks the integrin and Src binding sites, reduced focal adhesion number and promoted the formation of only peripheral adhesive contacts ( Figure 4A , e). These findings suggest that the truncated RACK1 may be acting as a dominant negative, by binding to protein kinase C but failing to bind to other key partners such as integrin and Src. Further studies demonstrated that perturbing the Src binding site of RACK1 was sufficient to induce a loss of central 25 adhesions ( Figure 4A, g ). Together, the results suggest that the interaction of RACK1
with Src appears to be important for the regulation of focal adhesion organization.
The localization of RACK1 to a subset of nascent adhesions in areas of protrusion that contain paxillin and α-actinin suggested that RACK1 may modulate the stabilization or dynamics of these early adhesive contact sites. Interestingly, paxillin has recently been shown to be one of the first proteins enriched in nascent adhesion that form in areas of protrusion (Laukaitis et al., 2001) . Recent evidence suggests that factors that affect the disassembly or dynamics of these early peripheral complexes may affect the formation and distribution of central adhesive complex sites (Laukaitis et al., 2001; Horwitz and Parsons, 1999; Bhatt et al., 2002) . Our findings suggest that RACK1 localizes to these nascent peripheral complexes and may be a critical regulator of the subsequent formation and organization of central adhesive complex sites.
In addition to having a role in focal adhesion organization, we found that the Src binding site was critical for RACK1-mediated effects on protrusion and chemotactic cell migration, but not for random or haptotactic motility (Figure 8, 10) . This indicates that the Src binding site of RACK1 is not necessary for basal cell motility but is required specifically for directional motility during chemotaxis. This points to the interesting possibility that RACK1 may mediate cross-talk between growth factor receptors and integrins to promote directional migration towards chemotactic gradients. Additionally, RACK1 also appears to be an important regulator of basal cell motility. We found that expression of full length RACK1, cDNA#25 or RACK 1-203 reduced random cell migration by approximately 50% in comparison to control cells (Figure 3 ). Together the data indicate that sequences in the C-terminus of RACK1 are important for basal cell motility, but the Src-binding site is not required. Since the C-terminus contains the integrin-binding domain, it is possible that RACK1 localization to adhesion sites is necessary for optimal cell migration. In addition, the interaction of RACK1 with protein kinase C is also likely to be important for the regulation of cell motility (Buensuceso et al., 2001) .
We believe that the RACK Y246F mutation is likely to exert its effects through perturbing the interaction of RACK1 with Src family kinases. While it is possible that Y246 also mediates interaction of RACK1 with other Src-family members such as Fyn, the direct effect of the Y246F mutation on Src activity ( Figure 9 ) suggests that Src is likely to be an important mediator of the observed effects. Src phosphorylates many adhesion-associated proteins including paxillin, FAK and CAS, and modulates the incorporation of signaling molecules into adhesion complex sites (reviewed in Richardson and Parsons, 1995; Yamada and Miyamoto, 1995) . Expression of activated v-Src causes cell rounding and loss of focal adhesions (Burridge et al., 1988; Chambers and Tuck, 1988; Fincham et al., 1995; Fincham et al., 1998) . Therefore, it is possible that RACK1 regulates adhesive complexes through affecting the activity and / or localization of Src. Interestingly, expression of v-Src, like RACK Y246F, has been shown to induce increased membrane protrusiveness and inhibited directional cell migration (Chambers and Tuck, 1988; Kundra et al., 1994) . Therefore, it is possible that the Y246F mutation prevents RACK1 binding to Src, causing elevated Src activity, enhanced membrane ruffling and decreased chemotactic migration.
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In summary, our results demonstrate that RACK1 regulates cell-substratum adhesion organization, protrusion and directional cell migration through its interaction with Src.
Future investigations will focus on determining the downstream mechanisms by which RACK1 and Src family kinases regulate adhesive structures, protrusion and directional cell migration. 
